Colossal Seebeck coefficient in Aurivillius Phase-Perovskite Oxide
  Composite by Kumar, Ashutosh et al.
Colossal Seebeck coefficient in Aurivillius Phase-Perovskite Oxide
Composite
Ashutosh Kumar1∗, D. Sivaprahasam2, Ajay D Thakur1†
1Department of Physics,
Indian Institute of Technology Patna,
Bihta 801 106, India
2Center for Automotive Energy Materials,
ARC International IITM Research Park,
Chennai 600 113 India
Abstract
We propose an inexpensive scalable approach for achieving extremely high values of Seebeck
coefficient (α) by exploiting the natural superlattice structure in Aurivillius phase oxides. In
particular, we report an α ≈ 319 mV/K at 300 K in a composite of Aurivillius phase compound
SrBi4Ti4O15 (as a matrix) and a perovskite phase material (e.g., La0.7Sr0.3MnO3 or, La0.7Sr0.3CoO3
as filler). Such a colossal value of α can be attributed to contributions from both the enhanced
density of states due to the effective low dimensional character of Bi2O2 layer and the phonon drag
phenomenon. The corresponding thermal conductivity (κ) and the electrical conductivity (σ) lies
in the range 0.7 - 1.25 W/m-K and 10 - 100 µS/m, respectively at 300 K. Attributed to the high
α values, such oxide composites can be used as thermopile sensors and highly sensitive bolometric
applications.
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I. INTRODUCTION
Thermoelectric (TE) materials have found practical applications in energy harvesting
(through waste heat recovery), solid-state cooling and as power supplies in deep space
probes [1–3]. Efficient working of such applications require following properties in the
ingredient TE materials: (a) a high value of thermopower (α) which is the voltage developed
across a piece of TE material per unit temperature difference across its ends and also known
as the Seebeck coefficient, (b) a high electrical conductivity (σ), and (c) a low thermal
conductivity (κ). Electronic part of thermal conductivity (κel) is directly proportional to
σ, and this leads to severe constraints in finding TE materials suitable for applications [4].
A number of strategies have been suggested in recent past to circumvent this limitation.
These include band-gap engineering [5], modulation doping [6], energy filtering [7], and
also primarily focusing on the phonon glass electron crystal (PGEC) philosophy [8, 9] to
improve the TE performance of a material.
Based on the available literature on TE materials, there are a large class of materials
that does not possess optimal values for all the three crucial parameters mentioned above,
however, they still have a value proposition for putative applications. In this manuscript we
focus on materials having a large α that can be useful for bolometric applications and as
thermopile and infrared sensors [10–12]. Hicks and Dresselhaus proposed quantum confine-
ment as a route to enhance α using low dimensional channel by exploiting the enhancement
in the density of states, with minimal reduction in σ [13, 14]. This theoretical prediction was
experimentally demonstrated in several systems, including PbTe/Pb0.927Eu0.073Te, SrTiO3
(STO)/Nb-doped STO superlattices where such structure leads to improve the α compared
to their bulk part [15–18]. Making superlattice structures require expensive fabrication
facilities. In addition the maximum reported value of α in superlattices are of the order of
several hundreds of µV/K [19]. We propose an inexpensive scalable approach for achieving
extremely high values of α by exploiting the natural superlattice structures in certain class
of oxide materials [20]. The coupling of the quantum of lattice vibrations (phonons) with
charge carriers has been propounded as one of the key mechanisms for achieving high
thermopower [21–23]. The underlying phenomenon of the transfer of momentum from the
non-equilibrium phonons to charge carriers is known as phonon drag (PD) and leads to an
additional contribution αph to the typical diffusion contribution to thermopower, αd [24].
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Tang et al. reported a colossal thermopower in reduced TiO2 attributed to the PD of the
holes [25]. High α values are also reported in MnO2 [26], Gd-Sr based manganites [27],
cobaltates [28], strongly correlated semiconductor [29].
In the literature, several exciting TE properties are reported in oxide systems with a
layered structure. Terasaki et al. showed the large α in a single crystal of NaCo2O4 [30].
Other layered oxides like Ca3Co4O9, Ruddlesden-Popper phase systems etc. depict good
TE behavior [31–33]. Recently, H. Kohri et al. showed a large value of α in the Bi2VO5.5
system: an Aurivillius phase (AP) material [34, 35]. The AP materials having the general
formula (Bi2O2)
2+:(An−1BnO3n+1)2− in which perovskite like blocks (An−1BnO3n+1)2− are
separated by (Bi2O2)
2+ motif, where M is generally Bi3+, A is Lanthanides or group II
elements, B is mostly transition metals like Ti4+, Nb5+, W6+ etc and n represents the order
of BO6 octahedra between (Bi2O2)
2+ layers. This class of materials is a potential candidate
for oxygen ion conductors [36]. The presence of a natural superlattice structure in the AP
system is quite interesting for α and κ [37]. Nevertheless, these systems are ignored for TE
application due to its poor σ. Electrical conductivity in a TE system may be improved
either by substitution of elements having different charge states as well with the addition
of conducting second phase [38–40]. In the present study, we report a systematic study
of thermoelectric properties in SrBi4Ti4O15 (SBTO) AP-(La0.7Sr0.3MnO3/La0.7Sr0.3CoO3)
perovskite composite over a wide temperature range from 300 K-800 K. The conducting
perovskite oxides are used as a dispersed phase to improve the σ of SBTO based composite.
Further, colossal Seebeck coefficient obtained in the present study is used to demonstrate
the thermopile sensor application.
II. EXPERIMENTAL SECTION
SrBi4Ti4O15 (SBTO), La0.7Sr0.3MnO3 (LSMO) and La0.7Sr0.3CoO3 (LSCO) were synthe-
sized using a standard solid-state route (SSR), as mentioned in our previous reports [41, 42].
Both the synthesized LSMO and LSCO powders were individually ball milled to make a
homogeneous powder. The AP-perovskite composites (SBTO+x wt% LSMO/LSCO) were
prepared by mixing the LSMO/LSCO powder with SBTO in a certain weight percentage.
The structural characterization of the parent and the nanocomposite samples are performed
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FIG. 1: (a) X-ray diffraction pattern for SrBi4Ti4O15. x wt% La0.7Sr0.3MnO3/La0.7Sr0.3CoO3
composite. Bragg peaks corresponding to SBTO (black), LSMO (red), LSCO (blue) are marked.
(b) Rietveld refinement pattern of SrBi4Ti4O15. 50 wt% La0.7Sr0.3MnO3. The inset shows the
structure of natural superlattice Aurivillius phase (SrBi4Ti4O15) using the atomic position from
the Rietveld refinement
using powder X-ray diffraction (PXRD) technique (Cu-Kα, λ=1.5406A˚) followed by
Rietveld refinement. The composite samples were sintered using a conventional sintering
process (800 ◦C with 3◦/min cooling and heating rate) as well using spark plasma sintering
(SPS) at 800◦C for 5 minutes with 50◦C/minute heating and cooling rate under a 50 MPa
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pressure. The surface morphology of the composite samples was observed using a field
emission scanning electron microscope (FESEM). Transmission electron microscope (TEM)
was used to confirm further the existence of two phases in the composite. The pellets were
cut into rectangular bar shape of dimension 12mm×4mm×4mm to measure the σ and α
using the standard four-probe method. The κ of the composite was measured using the
following equation: κ = Dcpρ. The thermal diffusivity (D) was measured using laser-flash
analysis, specific heat capacity (cp) was calculated using Dulong-Petit law, and the sample
density (ρ) was measured using the sample mass and its geometrical volume. The TE
properties viz. α, σ, and κ were measured across a wide temperature range from 300 K to
800 K. The measurement errors for α, σ, and κ were close to 5% each.
III. RESULTS AND DISCUSSION
A. Structural Properties
Figure 1(a) depicts the PXRD patterns for SBTO and SBTO-LSMO/LSCO composites.
The diffraction pattern due to SBTO confirms the pure phase formation with the charac-
teristics 2θ peak at 30.38◦ and is in agreement with the ICDD File No. 043-0973. In the
composite samples, the PXRD pattern due to SBTO and LSMO/LSCO is observed, and
no impurity peak is detected within the sensitivity of the PXRD. In SBTO+30 wt%LSMO,
along with the peak of SBTO, the 2θ doublet peak at 32.78◦ and 32.91◦ are observed for
LSMO. The intensity corresponding to LSMO is found to increase with the increase in the
LSMO concentration in the composite. The similar nature of the diffraction pattern is ob-
served for SBTO-LSCO composites. Further, two-phase Rietveld refinement of the PXRD
pattern of the composites is done using FullProfTM software, and refinement pattern for
SBTO+50 wt%LSMO is shown in Fig. 1(b). In the refinement, LSMO/LSCO is taken as
rhombohedral structure (R3¯c) and SBTO as tetragonal structure (A21am). The lattice pa-
rameters obtained from the refinement is LSMO (a=5.462 A˚, c=13.147 A˚), LSCO (a=5.475
A˚, c=13.188 A˚) and SBTO (a=5.447 A˚, c=41.165 A˚). The goodness of fit (χ2) for SBTO+30
wt%LSMO, SBTO+50 wt%LSMO, and SBTO+50 wt%LSCO is 1.84, 1.92, and 1.79, respec-
tively.
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The surface morphology of the SBTO+50 wt%LSMO, SBTO+50 wt%LSCO, and their SPS
samples are shown in panels (a)-(d) of Fig. 2. In the non-SPS sample, a number of pores
along with grains of both the phases are observed in the surface morphology. However, in
SPS sample, these pores and small grains are eliminated and shows a highly compact struc-
ture. Fig. 2(e) shows the TEM image of the SBTO+50 wt%LSMO composite sample, which
further confirms the presence of two different lattice spacing in the composite. The two
different inter-planner distance, estimated using ImageJ software, corresponds to LSMO ≈
0.274 nm (104) (Fig. 2(f))and SBTO ≈ 1.041 nm (004) (Fig. 2(g) phases. The inter-planner
distance corresponding to SBTO is large in comparison with LSMO, as evident from large
lattice parameters of SBTO compared to LSMO.
B. Thermoelectric Properties
The pure AP material, SBTO, is highly resistive, and it is difficult to measure its σ and α.
When LSMO/LSCO is mixed with SBTO, its resistivity decreases, and after a certain weight
percentage of LSMO/LSCO, the sample becomes measurable. The σ and α measurement
of the composite samples from 300 K-800 K is shown in Fig. 3. A colossal value of α (≈
319 mV/K) is observed at 300 K for the SBTO+30 wt%LSMO sample. Such colossal value
of α at 300 K may be attributed to the quantum confinement of carriers as well as due to
the presence of heavy carriers in the Aurivillius phase system [34]. Such confinement of
carriers exhibits exotic transport properties due to variation of density of states (DOS) near
the bottom of the conduction band and/or top of valence band with increasing confinement
[43]. Cutler and Mott [44] showed that electronic structure of metal and semiconductor
could be described in terms of density of states (DOS), η(E), as a function of energy E, and
the dependence of α on σ(E) is related as
α =
pi2κ2BT
3e
(
d log σ(E)
dE
)
E=Ef
(1)
where Ef is the Fermi level, and σ(E) is written as
σ(E) =
e2n(E)τ(e)
m∗(E)
(2)
From these equations, it is seen that α can be enhanced by increasing the DOS. A large
value of dn/dE occurs around the region of a sharp peak in the η(E) vs. E plot. For one
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FIG. 2: FESEM images of (a) SBTO+50 wt% LSMO (b) SBTO+50 wt% LSCO (c) SBTO+50
wt% LSMO-SPS (d) SBTO+50 wt% LSCO-SPS. (e) TEM image for SBTO+50 wt% LSMO-SPS
sample shows the existence of lattice planes corresponding to LSMO (f) and SBTO (g) phases in
the composite.
dimensional chain, the DOS peak occurs at the bottom and the top of the conduction and
valence band, respectively. For a uniform 2D lattice, the DOS peak occurs in the middle
of the band. Thus, Hicks-Dresselhaus predicted that α of low dimensional materials could
be enhanced without affecting other TE parameters. Such enhancement in the α for oxide
metal-semiconductor superlattice has been explained in a different system [45, 46]. Based
on the above interpretation and the brick-mortar model [47] we propose an understanding of
the present result as follows: The natural superlattice structure of AP consist of perovskite
slab of (SrBi2Ti4O13)
2− with (Bi2O2)2+) acting as interslab region. The (Bi2O2)2+) motifs
form a planar net of oxygen atoms with Bi3+ occupying in an alternating sequence above
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FIG. 3: Temperature variation of Seebeck coefficient (α) marked with filled symbols and electrical
conductivity (σ) marked with open symbols for SBTO+x wt% LSMO/LSCO composites. The
solid line is a guide to the eye.
and below the perovskite slabs, forming a BiO4 square pyramid. The nano-layered Bi2O
2+
2
structure between the SrBi2Ti4O
2−
13 layers may lead to a high α due to the quantum
confinement effect. Here it is worth recalling a possible connection with the brick-mortar
model proposed by Koumoto et al. [47]. The charge carrier density for SBTO (≈ 1013
cm−3) and LSMO/LSCO (≈ 1020 cm−3) are different by a few orders of magnitude. This
carrier concentration gradient across the interface of SBTO and LSMO/LSCO phases in
the composite may lead to enhanced α. A decrease in α with increasing temperature is
observed and may be attributed to a decrease in the carrier concentration gradient with an
increase in temperature. The α for SBTO+30 wt%LSMO at 800 K is about 8.14 mV/K,
which is large compared to many TE materials investigated so far at this temperature
[33, 48]. However, an α of -28 mV/K is shown for another AP system (Bi2VO5.5) at 1050 K
[34]. Such a colossal value of α is an exciting feature for the present system. A large α
observed in different systems is listed in Table I. Further, the α decreases with an increase
in LSMO wt% in the composite. The α at 300 K for the SBTO+50 wt%LSMO sample is
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≈ 268.5 mV/K, and it decreases with an increase in temperature. The same nature of α is
observed for SBTO+50 wt%LSCO; however with an enhanced value of α (≈ 282.5 mV/K)
at 300 K compared to the same wt% of LSMO in the composite. The SPS samples show
almost similar α (≈ 226 mV/K for SBTO+50 wt%LSMO-SPS and ≈ 224 mV/K for
SBTO+50 wt%LSCO-SPS) at 300 K. The α for all the composite samples is found to
decrease with increase in temperature showing the semiconducting nature of the composite.
The σ as a function of temperature (300 K-800 K) for all the composite samples is also
TABLE I: High Seebeck coefficient (α) reported in several systems in the literature
System Name α (mV/K) Temp. Ref.
Bi2VO5.5 -28.3 1010 K [18]
TiO2 60 10 K [25]
MnO2 -20 320 K [26]
Gd0.5Sr0.5MnO3 -67 42 K [27]
La2−xSrxCoO4 15 10 K [28]
FeSb2 -45 10 K [29]
(TMTSF)2PF6 37 1.3 K [49]
SBTO+30 wt% LSMO 319 300 K This work
shown in Fig. 3. The σ for the composite increases with the increase in LSMO and LSCO
content, attributed to the increase of the conducting phase in the composite. The σ also
increases with the increase in temperature, indicating a thermally activated behavior of
the composite. The increase in σ of the composite may be attributed to the fact that the
addition of LSMO/LSCO with SBTO generates a percolating network along the SBTO
unit cells so that charge carriers can move from one end to other in the composite [50]. A
two-fold increase in the σ for SBTO+50 wt%LSMO-SPS and SBTO+50 wt%LSCO-SPS
samples is observed compared to their non-SPS samples. This may be originated due to the
decrease in grain boundaries in the SPS samples, as confirmed from FESEM measurement,
which may scatter less charge carriers in the system.
Next, temperature-dependent thermal conductivity behavior of the composite is shown in
Fig. 4. The κ for pure SBTO sample is ≈ 0.4 W/m-K at 300 K. Further, the κ for SBTO+50
wt%LSMO sample (≈ 0.75 W/m-K) is observed at 300 K. This may be due to presence of
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FIG. 4: Thermal conductivity (κ) as a function of temperature for SBTO+x wt% LSMO/LSCO
composites.
(Bi2O2)
2+ interslab layer between (SrBi2Ti4O13)
2− layer in the AP system which acts as a
scattering center for phonon in the Aurivillius phase system itself [37]. Further, a mismatch
in acoustic impedance (Ri=ρi × vi) between the SBTO-LSMO interface is expected due
to their different sound velocity (2610 m/s for SBTO and 3170 m/s for LSMO), which
leads to the acoustical mismatch in the composite [51]. However, with the increase in the
LSMO/LSCO phase fraction, an increase in the κ is observed. As the κ in the composite is
dominated by lattice thermal conductivity, a decrease in the κ at high temperatures may
be attributed to the decrease in the mean free path at higher temperatures, which enhances
the phonon scattering. In the SPS sample, almost twice increase in the κ in the entire
temperature is observed. This increase may be due to the reduction of grain boundaries,
which reduces the phonon scattering, and hence κ increases [52].
To have an idea regarding the figure of merit (zT ) for the synthesized materials, we
plot the variation of zT with T in Fig. 5 for all the composite samples. The zT for the
composite is found to increase with an increase in temperature. Also, despite having the
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FIG. 5: Figure of merit zT as a function of temperature for SBTO+x wt% LSMO/LSCO compos-
ites.
colossal value of α and low κ for the SBTO+30 wt%LSMO sample at 300 K, the zT is quite
low and is due to the poor σ of the sample. At 800 K, the zT value is found to increase
with the increase in LSMO and LSCO addition in the composite. We observed a two-fold
increase in the value of σ in SPS samples with a nominal decrease in the value of α. This
lead to an increase in the value of zT for SPS samples. The maximum zT of 0.062 at 800 K
is observed for the SBTO + 50 wt% LSCO-SPS sample.
C. Thermopile Sensor
The colossal α, along with low κ shows promise for application in thermopile sensing. In
the present study, an external cavity diode laser (ThorLabs, λ=780 nm) of ≈7 mW power
and 1 mm diameter spot size is used to observe the response of these composite materials
to the laser-radiation at 300 K. A laser beam is allowed to fall on the sample (cylindrical
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FIG. 6: Laser induced change in voltage (∆V ) of the composite samples as a function of change
in temperature (∆T ) is shown. Inset shows the change in voltage as a function of laser on-off time
for three cycles for SBTO+30 wt% LSMO and SBTO+50 wt% LSMO composites. A schematic of
the measurement is shown in the lower inset.
shape with 10 mm diameter and 3 mm thickness) via a pin-hole arrangement (A schematic
of the measurement is shown in the inset of Fig. 6). The voltage across the top and bottom
end of the sample was measured using a Keithley voltage source meter (Model No. 2460).
The change in output voltage (∆V ) as a function of the temperature gradient (∆T ) due to
laser irradiation across the sample was recorded, as shown in Fig. 6.
It has been observed that as the laser strikes the sample, it creates a ∆T that develops a
∆V across the two ends of the sample, and the behavior of this output voltage is found to
be linear in log scale. For SBTO+30 wt%LSMO, the value of output voltage was found to
be ∼13.4 mV for a ∆T of 0.042 K. As the laser falls on the sample, it absorbs the incident
laser radiation and gets heated with the increase in on-time of the laser. This leads to a
∆T between the top and bottom surface of the sample, which produces a ∆V . The ∆V
as a function of laser on-off time is shown in the inset of Fig. 6. It has also been observed
that as the laser is switched off, the value of ∆V starts decreasing with time, however it
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does not reduces to zero, even after 30 minutes, which might due to the presence of some
∆T , as in the present study, no heat sink is used to cool the sample. The on-off cycle was
repeated three times and almost the same response of the ∆V is observed. For SBTO+50
wt%LSMO, the response is identical to that of SBTO+30 wt%LSMO with less value of
output voltage and are analogous to their Seebeck coefficient behavior.
It has been found that for a ∆T of 1.4-3.2 µK, the change in voltage for SBTO+30
wt%LSMO sample was ∼ 1 µV which shows that these systems are sensitive to tiny ∆T
with straightforward synthesis technique. The experimental values of the voltages are fitted
using the V = exp(lnC + α lnT ), where α and C are constants. Using the linear fit pa-
rameters, it is noted that to develop 1µV voltage, only 1.3-3.2 µK temperature is required.
However, this can be further improved by proper optimization of the geometry of the device.
IV. CONCLUSION
In summary, natural superlattice Aurivillius phase-perovskite composites are synthesized
using a standard solid-state route. X-ray diffraction followed by two-phase Rietveld refine-
ment confirms the pure phases present in the composites, which is further supported by
transmission electron microscopy. Colossal α value is observed in the SBTO-LSMO/LSCO
composite sample and is attributed to the confinement of charge carriers in the unit cell.
Also, the addition of LSMO/LSCO with the SBTO system is found to improve the σ.
Also, a two-fold increase in the σ is observed with the SPS samples at 800 K. An entirely
low κ at 300 K (≈ 0.75 W/m-K) is observed for the SBTO+50 wt%LSMO system and is
due to the enhanced phonon scattering in the natural superlattice Aurivillius phase system
and acoustical mismatch between LSMO and SBTO phases. The increase in σ results to a
figure of merit of 0.062 at 800 K for the SBTO+50 wt%LSCO-SPS sample. The colossal
value of α enables this system to be used for a thermopile sensors. The results obtained in
this study paves further possibility to improve the figure of merit in the AP system using
substitutions at Bi and Ti sites following band-gap engineering. Also, the sensitivity of the
thermopile sensor can be improved with further optimization in the geometry of the device.
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